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Abstract—An analytical model is presented for the analysis of
multilayer wire media loaded with 2-D arrays of thin material
terminations, characterized in general by a complex surface
conductivity. This includes the cases of resistive, thin metal, or
graphene patches and impedance ground planes. The model is
based on the nonlocal homogenization of the wire media with
additional boundary conditions (ABCs) at the connection of thin
(resistive) material. Based on charge conservation, new ABCs
are derived for the interface of two uniaxial wire mediums with
thin imperfect conductors at the junction. To illustrate the ap-
plication of the analytical model and to validate the new ABCs,
we characterize the reflection properties of multilayer absorbing
structures. It is shown that in such configurations the presence of
vias results in the enhancement of the absorption bandwidth and
an improvement in the absorptivity performance for increasing
angles of an obliquely incident TM-polarized plane wave. The
results obtained using the analytical model are validated against
full-wave numerical simulations.
Index Terms—Absorbing boundary conditions, dispersive
media, electromagnetic scattering by absorbing media, impedance
boundary conditions, multilayered media, resistive sheets.
I. INTRODUCTION
I N recent years, characterization of metamaterial structuresthat constitute wire media has attracted special attention,
due to their ability in enabling anomalous phenomena such as
negative refraction [1], [2] and sub-wavelength imaging [3], [4],
among others. However, it has been recently shown in [5] that
wire media exhibits strong spatial dispersion at microwave fre-
quencies, and that the constitutive relations between the macro-
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scopic fields and the electric dipole moment are non-local [6].
In [7]–[10], the role of spatial dispersion has been discussed,
and it was demonstrated that nonlocal homogenization methods
with additional boundary conditions become essential in solving
the reflection and transmission problems associated with wire
media. Spatially dispersive materials have some advantages that
can be successfully exploited for imaging with super resolu-
tion [3] and the realization of impedance surfaces [7], among
others. However, they can be ineffective for certain applications
involving negative refraction [11].
Recently, mushroom structures composed of metallic patches
[12] have been shown to suppress (or significantly reduce) spa-
tial dispersion in wire media [13]–[16]. This is because the
presence of metallic patches at the wire ends diminishes
charge buildup in such a way that, upon homogenization, the
mushroom structure can be treated as a uniaxial continuous
Epsilon-Negative (ENG) material loaded with a capacitive
grid of patches. However, this is not the case when the patches
are thin (resistive), where charge accumulation and diffusion
at the wire-to-patch interface becomes important, and spatial
dispersion effects have to be considered, necessitating an
additional boundary condition at this interface [17]. Upon ho-
mogenization, these charge effects are reflected in the nonlocal
slab permittivity.
It is also observed that for some specific values of the thick-
ness (or resistivity) of the thin material patch, the structure acts
as an absorber for obliquely incident TM-polarized planewaves.
Electromagnetic absorbing structures have been of interest for
a long time due to their ability to reduce the radar cross-sec-
tion (RCS) of an object at microwave frequencies. The con-
ventional radar absorbers include Salisbury [18] and Jaumann
[19] absorbers, which employ either one or more resistive sheets
stacked over each other at a distance of a quarter wavelength
(measured at the center frequency of the absorption band). How-
ever, due to relatively large thickness, these absorbers are inad-
equate in practical applications such as stealth technology for
aircraft, missiles, and other vehicles.
Recently, a renewed interest has arisen in designing electri-
cally thin absorbers based on metamaterials [20]–[28] and high
impedance surfaces (HIS) [29]–[32]. These structures are artifi-
cially engineered materials having various metallic inclusions
with dimensions of order . In particular, the ab-
sorbers based on metamaterials can be scaled from microwave
[20], [21] to terahertz [22]–[24], infrared [25], [26], and even
to optical [27] regimes through careful design of the constituent
inclusions.
0018-926X/$31.00 © 2012 IEEE
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The common feature of all of the above single-layer metama-
terial and HIS absorbers is that they operate in a single narrow
frequency band with high absorption at a specific frequency.
One possible way to extend the bandwidth is to use Jaumann
absorbers [19] mentioned above. Further improvement in the
bandwidth of the Jaumann absorber can be achieved by re-
placing the homogeneous resistive sheets with lossy band-stop
resonating frequency selective surfaces (FSS), resulting in
circuit analog (CA) absorbers [33], [34]. Also in [35] and
[36] the capacitive circuit absorber (CCA) method has been
proposed for the design of absorbers with large bandwidths
and optimal thicknesses in comparison to the Jaumann and
CA absorbers. Most of the design procedures of the Jaumann
and CA absorbers have been formulated for normal angle of
incidence. Only a few design methods have been published
considering oblique angle of incidence for different polariza-
tions [37]–[39]. In [38] and [39], absorbing structures based
on a single-layer mushroom HIS consisting of PEC patches
placed on top of a metal backed wire-medium slab have been
considered. However, these designs behave as materials with
a local response, and the absorption is due to a lossy dielectric
slab [39] or a resistive sheet placed on top of the structure
[38]. Also, in [39] it has been shown that the presence of
vias enhances the absorption bandwidth for obliquely incident
TM-polarized plane waves.
Most of the absorbers are analyzed using time-consuming
brute-force numerical simulations [40], [41], which do not pro-
vide much physical insight into the problem. Recently, homoge-
nization methods [42]–[46] have been proposed to avoid the ex-
tensive computations demanded by the numerical simulations.
These methods are shown to be very effective in modeling the
interaction of electromagnetic waves with artificial materials
formed by lattices of periodic metallic or magneto-dielectric in-
clusions, and can be performed almost instantaneously.
In this paper we extend our model [17] (wherein a
single-layer mushroom structure with imperfectly conducting
patches was considered) to study the absorption characteristics
of a multilayered mushroom-type structure composed of thin
material patches with a typical geometry as shown in Fig. 1.
Aside from [17], in other previous work [10], [16], the vertical
wires and patches have been assumed to be perfect electric
conductors (PECs), and the present work concerns analysis
of multilayer structure (shown in Fig. 1) with thin material
(resistive) patches. Further, in [10] generalized additional
boundary conditions (GABCs) have been derived for wire
media terminated with distributed loads (metallic patch arrays
acting as parallel loads to the wires) and lumped loads (arbi-
trary impedance insertions acting as series loads to the wires)
or a combination of both at the junction, with the latter case
presented in [47] and [48]. Although, the GABCs derived in
[10] are applied at the wire-to-patch connection with the finite
size of the patch (with certain restrictions imposed on the size
of the gap between the patches with respect to the separation of
adjacent patch arrays), these boundary conditions are valid only
for perfect electric conductor terminations. However, the focus
of the present paper is on the use of thin material interfaces at
the wire medium connections (acting as parallel loads to the
wires). Therefore, new ABCs (which generalize [17] to the
multilayer case) have to be derived which take into account the
finite conductivity of the material at the connection points.
Fig. 1. Geometry of a multilayer mushroom structure formed by periodically
loading a grounded wire medium with thin resistive patches.
To address this issue, in this paper we consider the case of
wire media terminated with thin infinite resistive sheets or patch
arrays (with , where is the period of the patches and the
wires, and is the gap between the adjacent patch elements), and
derive ABCs at the connection of wires to a thin resistive sheet.
The resulting ABCs are quite different than the previous ones
for PEC patches. Based on these conditions, we then charac-
terize the reflection properties of the multilayer mushroom-type
structure (with a typical geometry shown in Fig. 1). The required
ABCs for two-sided wire media with thin resistive sheets at the
junction have not been presented previously, and is a new con-
tribution of the paper. Further, we also aim to show that the pres-
ence of vias stabilizes the absorption response (as shown in [38]
for a single-layer mushroom structure), enhances the absorption
bandwidth (as shown in [39] for a single-layer mushroom struc-
ture), and increases the absorption performance for obliquely
incident TM-polarized plane waves, making the multilayered
mushroom structure an attractive candidate as an absorber.
It should be noted that although a simple transmission-line
approach can be used to design some of the wideband absorbers
(such as Jaumann, CA, and CCA), the analysis of the character-
istics of a complicated structure such as the multilayer mush-
room structure (considered in this work) using the transmis-
sion-line theory is not feasible. To overcome this drawback, in
this paper we present a simple analytical model (based on ho-
mogenization of wire media with new ABCs at terminations)
in order to model the reflection characteristics of the multilayer
mushroom structure with thin material patches, and also a de-
sign guide for the analysis of wideband absorbers with stable
angle characteristics. Moreover, the proposed model produces
results almost instantaneously when compared to the full-wave
numerical simulations carried out with the use of commercial
programs such as HFSS [49].
The paper is organized as follows. In Section II, the ABCs are
derived at the two-sided wire medium connection to a thin resis-
tive sheet, and the formalism of the analytical model is presented
for the analysis of the reflection characteristics of the multi-
layer mushroom-type structure. In Section III we validate the
derived ABCs, and then present the results for the single-layer,
two-layer, and three-layer mushroom structure absorbers. Fi-
nally in Section IV conclusions are drawn.
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Fig. 2. Geometry of a junction of two wire mediums with a thin infinite resis-
tive sheet at the interface.
II. ANALYTICAL MODELLING OF MULTILAYERED
MUSHROOM-TYPE HIS ABSORBERS
In this section, we present an analytical model for the re-
flection characteristics of a multilayered mushroom structure.
The multilayer structure is formed by a stack of 2-D subwave-
length thin conductive/resistive square patch FSS elements sep-
arated by dielectric slabs perforated withmetallic pins (vias) and
backed by a ground plane (with the geometry shown in Fig. 1).
First, ABCs based on conservation of charge will be derived at
the interface of two uniaxial wire mediums with a thin infinite
imperfect conductor at the junction. Based on these conditions,
the scattering problem of the multilayer structure for a patch
array will then be solved for an obliquely incident TM-polar-
ized plane wave, assuming that the gap between the patch ele-
ments is small compared to the period . The case of TE
polarization is not of interest here, because the electric field is
orthogonal to thin metallic vias and the interaction is negligible.
In the following, a time variation of the form is assumed
and suppressed.
A. Additional Boundary Conditions for a Double-Sided Wire
Junction at Wire-to-Sheet Interface
Let us consider a junction between two uniaxial wire
mediums with a thin infinite resistive sheet placed at the in-
terface with the lattice period (as shown in Fig. 2).
In general, the sheet at the junction can be an arbitrary 2-D
material such as graphene or a 2-D plasma characterized by a
complex surface conductivity. It is assumed that the wires have
different radii ( and ) with , and are embedded
in dielectric host media with relative permittivities and
, respectively. Both the sheet and the difference in the wire
media properties (i.e., wire radii and host permittivities) intro-
duce irregularities in the charge and the current distributions
close to the junction. We note, however, that the charge/current
non-uniformity that arises due to the different wire radii can be
neglected when , which is the case considered here.
For simplicity, we assume that the wires are lossless (PEC).
Consider a plane wave incident on the configuration shown
in Fig. 2. In what follows, the term microscopic refers to cur-
rents and fields in the microstructure of the medium, i.e., on
the wires and sheets of the actual physical structure. The term
macroscopic refers to fields averaged over the lattice period, i.e.,
the fields in the equivalent homogenized (continuous) medium.
Let and be the microscopic current densities induced
on the surface of the wires in mediums 1 and 2 (with radii and
, respectively). Let be the complex surface conductivity
of the thin resistive sheet (such as graphene sheet with the sur-
face conductivity given in [50]) placed at the interface. For thin
materials with bulk conductivity , the surface conductivity
can be written as , where is the material
thickness and is the skin depth. On the thin
conductive sheet, assumed local and isotropic, the microscopic
current and the field are related as , where
is the surface current density and is the tangential electric
field on the sheet. It should be noted that the tangential fields on
the sheet in mediums 1 and 2 are assumed to be continuous at
, i.e.,
(1)
The surface charge densities and on the PEC wires
with radii and are given by and
, where and are the normal
components of the microscopic electric fields at the wire sur-
faces. Considering that, at the wire-to-sheet and sheet-to-wire
connection points ( and ), the electric fields normal to the
wires are the same as the tangential fields on the thin resistive
sheet, we can write
(2)
(3)
In addition, we have the continuity equation for the wires
( , 2). At the connection points (
and ), the surface charge densities can be written as
(4)
(5)
From Fig. 2, using Kirchoff’s current law (conservation of
charge) at the junction of two wire mediums with thin resistive
sheet at the interface, we have
(6)
Using (1), the surface current density can be expressed as
(7)
Equating now (6) and (7) and using (4) and (5) in the expres-
sion for the tangential fields (2) and (3) we obtain the following
ABC:
(8)
Authorized licensed use limited to: Universidad de Sevilla. Downloaded on June 01,2020 at 15:57:51 UTC from IEEE Xplore.  Restrictions apply. 
5730 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 60, NO. 12, DECEMBER 2012
By enforcing the continuity of tangential fields at the thin con-
ductive sheet interface (1), we obtain the second ABC for the
microscopic wire current:
(9)
In Section II-B, it will be shown that the ABCs (8) and (9)
are essential in solving the reflection problem of a multilayered
mushroom structure. Also, it is worth noting that the conditions
(8) and (9) derived in this section are applicable to the cases
of different conductivities of the thin conductive patch at the
wire-medium junction, provided the gap between the patch ele-
ments is much smaller than the period .
For the limiting case of the identical wire media on either side
of the thin resistive sheet interface at (i.e.,
and ), the ABCs (8) and (9) in this case can be
obtained by enforcing the continuity of surface charge densities
and using the Kirchoff’s current law at the connection points
and , i.e.,
and .
In the limiting case of , (transparent sheet) we have
a continuous wire-medium slab with simple continuity condi-
tions for the current: and
. For , we have a perfect electric con-
ducting ground plane with the ABC for wire microscopic cur-
rents given by , i.e., the
derivative of each of the wire currents is independently zero
at the connection points. This result is consistent with the re-
sult of the single-sided wire-medium junction with a conducting
ground plane [8]. In addition, with the assumption that ,
the above result has been successfully used for characterizing
various mushroom-type structures, which include a single-layer
mushroom structure terminated with PEC patches [14], [15] and
a multilayer mushroom structure [16] for characterizing nega-
tive refraction. However, for moderate and large gaps between
the patches these boundary conditions give inaccurate results.
To overcome this issue GABCs similar to those proposed in [10]
(for the PEC patches) have to be considered
(10)
(11)
where is the capacitance of the wires and is the capaci-
tance of the metallic patch which depends on the period and
gap (the values of and are defined in [10]). These ABCs
are accurate for moderate and large gaps between the patches,
provided the distance between the metallic patches in adja-
cent layers is much greater than . When the gap between the
patches reduces and , we have a perfect electric con-
ducting ground plane with the ABCs (10) and (11) reduce to
, which is the same ex-
pression obtained above from (8), (9) when . How-
ever, the GABCs (10) and (11) apply to the modeling of wire
media with metallic (PEC) terminations, whereas the ABCs (8),
(9) obtained in this paper deal with thin material (resistive) ter-
minations (however, gap capacitance is not accounted for).
Further, it is interesting to note that the ABCs (8) and (9) de-
rived in this section for the double-sided wiremedium are gener-
alizations of the simpler (single-sided) case studied in [17], i.e.,
one can obtain the ABC given in [17] by letting either
or . For example, for the case of wires in the half-space
, the ABC reads
(12)
which corresponds exactly to the ABC derived in [17, eq. (5)].
Therefore, while a single ABC is sufficient to describe the elec-
tromagnetic phenomenon of a single-sided wire-medium junc-
tion, the general case of a double-sided junction requires two
ABCs, and the fact that the termination is resistive rather than
metallic leads to the new ABCs presented in this paper. In re-
lation to the ABCs (8) and (9), below we summarize some of
the ABCs developed in literature for terminated wire media. In
[14]–[16], the ABCs are valid for single-sided and double-sided
wire media terminated with PEC patches, which do not take into
account the gap capacitance, i.e., are valid only for . In
[10], the ABCs are valid for wire media terminated with PEC
patches for moderate and large gaps between the patches, i.e.,
takes into account the gap capacitance. In [17], the ABCs are
derived for single-sided wire media terminated by thin resistive
sheets and are applicable to resistive patches, provided ,
i.e., does not take into account the gap capacitance.
B. Scattering Problem of the Multilayered Mushroom-Type
Absorber
In order to illustrate the application of the new ABCs (8)
and (9), here we study the scattering problem of a multilay-
ered mushroom structure with the geometry as that shown in
Fig. 3 ( is the period of the patches and vias). It is assumed
that each dielectric layer, perforated with thin metallic vias of
radius , is homogeneous and isotropic of thickness ,
characterized by relative permittivity and permeability of
free space, and loadedwith 2-D periodic thin conductive patches
of conductivity at the interface , . The
objective is to obtain the reflection characteristics of the struc-
ture for a TM plane-wave incidence. It should be noted that the
ABCs (8) and (9) derived in Section II-A are applicable to re-
sistive patch arrays when the gap between the patch elements is
much smaller than the period since they are derived
for an infinite sheet.
Consider a time-harmonic plane wave incident on the multi-
layer mushroom structure shown in Fig. 3. Each wire-medium
slab is characterized by the nonlocal dielectric function
[5], [7] , where
, is the
wavenumber in the host material, is the wavenumber
in free space, is the plasma wavenumber which
depends on the period and radius of the vias:
, and is the -compo-
nent of the wave vector . Let be the surface
current densities induced on the metallic wires. It is known that
for a TM plane-wave incidence, the wire medium excites both
transverse electromagnetic (TEM) and modes, and thus,
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Fig. 3. Schematic of a generic multilayer mushroom structure formed by peri-
odically loading grounded wire medium with thin resistive square patches (side
view).










is the free-space impedance, is the reflection coeffi-
cient, , are the amplitude coefficients of the TM
and TEM fields, , ,
, , and
.
To calculate the unknown coefficients, , , we
impose boundary conditions at , . Since,
there are dielectric layers and interfaces, we have the
total number of unknowns as (i.e., four unknowns in
each layer corresponds to , and the remaining unknown is
). Hence, boundary conditions are necessary to cal-
culate the unknown coefficients. At the thin resistive
patch interfaces , the macroscopic
two-sided impedance boundary conditions establish that the tan-
gential electric and magnetic fields , can be related
via a sheet impedance, i.e.,
(18)
where is the grid impedance of the thin conductive patches
[17], [51], [52] given by
(19)
where for interior patches
and for the
patch located at the upper interface . This gives
boundary conditions. At the ground plane interface ,
we have two more boundary conditions [7]: i) tangential
macroscopic total electric field vanishes and
ii) derivative of current is zero , [8],
or in terms of macroscopic fields,
(20)
Following [17], the boundary condition at the top patch inter-
face, , can be written as
(21)
or, equivalently, the following macroscopic field condition:
(22)
This gives the total number of conditions, clearly in-
sufficient to calculate the unknown coefficients, which
makes apparent the need of the ABCs derived in Section II-A.
At the junction of two wire mediums with thin conductive
patches at the interfaces it is




In terms of macroscopic fields, (23) and (24) can be rewritten as
(25)
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Fig. 4. Comparison of analytical (solid lines) and full-wave HFSS results (symbols) of the reflection coefficient for the two-layer mushroom HIS absorber (with
geometry and parameters shown in Fig. 13) with , : (a) solid sheet and and (b) and
.
(26)
Since there are layers of two-sided wire-medium junc-
tions, we have boundary conditions and hence, the
total number of boundary conditions are equal to . Using
the boundary conditions (18), (20), (22), (25) and (26), we can
easily obtain a linear system for the unknowns of the
problem. This system can be solved either numerically or ana-
lytically for the unknown field coefficients, and ,
and the reflection coefficient .
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we first validate the proposed ABCs for the
junction of two-wire media separated by thin resistive patch ar-
rays by comparing the analytical model results with the full-
wave numerical simulations. Then we study wideband absorp-
tion characteristics of single-layer, two-layer, and three-layer
mushroom structures (with the geometries shown in Figs. 7, 13,
and 18, respectively) for obliquely incident TM-polarized plane
waves. More remarkably, by employing the proposed structure,
we show that vias can be used to increase the bandwidth and
enhance absorptivity for the TM-polarized oblique incidence,
by utilizing the resonances of the mushroom and wire-medium
HIS structures. The results obtained using the analytical model
for all the three structures are confirmed with lengthy full-wave
numerical simulations.
A. Validity of the Analytical Model
Since the ABCs proposed in this work are derived for the
interface of the wire media separated by a thin infinite (con-
tinuous) resistive sheet at the junction, they have to be thor-
oughly verified while applying to the resistive patch connec-
tions, wherein the gap between the patches plays an important
role. To understand the effect of on the applicability of the
proposed ABCs, here we consider a two-layer mushroom struc-
ture (with the geometry and parameters given in Fig. 13), and
study its reflection magnitude behavior for varying resistivity
and of the resistive patch arrays using the analytical model
given in Section II. Here is the sheet resistance, which de-
pends on the bulk conductivity of the material, i.e.,
. From (19) one can represent the
grid impedance of the lossy patch array as a series RC circuit
, where the real value corresponds to (re-
sistance per unit cell) given by or
and the imaginary value corresponds to (capacitive
impedance) whose value can be obtained from (19). We first
consider the case of oblique incidence , with a low value
of resistivity fixed in both the layers, i.e.,
and study the reflection magnitude behavior versus fre-
quency for increasing values of . It is assumed here that takes
the same value in both the patch array layers .
The results are shown in Fig. 4(a) and (b). It is clear that, for
solid sheet and for [Fig. 4(a)], the analytical model
results are in good agreement with the full-wave simulation re-
sults. However, as increases (i.e., for 1 mm and 2 mm cases),
one can notice the discrepancies between the analytical model
and numerical simulation results [Fig. 4(b)]. This is due to the
fact that the capacitive impedance (i.e., the imaginary part of the
grid impedance expression) of the patch array dominates the re-
sistivity of the patches, and since the ABCs (8) and (9) derived in
this work do not take into account the capacitance of the patches
for large gaps, the analytical model results are not accurate. In
the next scenario, we choose a high value of resistivity for the
patch arrays in both the layers, and study a similar behavior as
that shown in Fig. 4. The results are plotted in Fig. 5 for var-
ious values of . It can be noticed that as increases, the reflec-
tion magnitude behavior calculated using the analytical model
agrees well with the numerical results, even for large values of
(e.g., for ). In fact, for the same mushroom struc-
ture considered above with the PEC patches, with period and
gap comparable to the separation between the patch arrays
in the adjacent layers, the ABCs (10) and (11) may give inac-
curate results. However, (10) and (11) give accurate results pro-
vided . Surprisingly, the ABCs (8) and (9) obtained in
this work are valid even when is large and comparable to ,
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Fig. 5. Comparison of analytical (solid lines) and full-wave HFSS results (symbols) of the reflection coefficient for the two-layer mushroom HIS absorber (with
geometry and parameters shown in Fig. 13) with , : (a) solid sheet and and (b) and
.
Fig. 6. Comparison of analytical (solid lines) and full-wave HFSS results (symbols) of the reflection coefficient for the two-layer mushroom HIS absorber (with
geometry and parameters shown in Fig. 13) for different resistivities of the patch arrays with , : (a) , (b)
, (c) , and (d) .
though the conditions are derived for solid resistive sheets. This
is due to the fact that the resistivity of the patch arrays domi-
nates over the capacitive impedance. Further, it can be noticed
from Fig. 5 that the reflectionmagnitude behavior does not show
much variations for increasing values of . This is again due to
the fact that the value of capacitive impedance of the patch ar-
rays with large gaps (even though it is large when compared to
patch arrays with small gaps) is small when compared to the re-
sistivity. In such a case, one can approximate the behavior of
these patch arrays using a solid sheet of large resistivity.
To further clarify the effect of resistivity, in Fig. 6 we show
the variation of reflection magnitude behavior versus frequency
for different values of the sheet resistivities of the patch arrays
of a similar structure studied in Figs. 4 and 5, however, for a
fixed large gap value, i.e., for . It can be
noticed that with an increase in the sheet resistivity of the patch
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Fig. 7. (a) Single-layer mushroom-type HIS absorber with thin resistive
patches. (b) Top view of the structure.
Fig. 8. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the single-layer
mushroom HIS absorber excited by a TM-polarized plane wave at oblique
angles of incidence .
arrays, the analytical model results start to agree with the nu-
merical simulation results. This clearly demonstrates that when
the resistivity of patch arrays is dominant over the capacitive
impedance, the proposed ABCs give accurate results.
Thus, it is clear from the above analysis that for large gaps, as
long as the capacitive impedance is less dominant than the resis-
tivity of the patch arrays, the ABCs derived for the wire-sheet-
wire connections can be accurately used to model wire-patch-
wire junctions [for example, and ,
as shown in Fig. 5(b)], however, for small gaps, the ABCs de-
rived are valid for any resistivity of the patch arrays [for ex-
ample, and , as shown in Fig. 4(a), and
and , as shown in Fig. 5(a)]. Further,
in the case of patch arrays with very small gaps, the behavior
could be well approximated using a solid sheet even if sheet re-
sistivity is low or high (and still large enough to dominate the
Fig. 9. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the single-layer
HIS absorber (without vias) excited by a TM-polarized plane wave at oblique
angles of incidence .
reactive part of the impedance), however, for patch arrays with
large gaps, the replacement of the patch array by a solid sheet is
only valid when the sheet resistivity is sufficiently large.
B. Single-Layer Mushroom Structure With Thin Resistive
Patches
To demonstrate the performance of the proposed absorber
(the multilayered mushroom structure shown in Fig. 1), we
begin with the analysis of the reflection properties of the
single-layer mushroom structure shown in Fig. 7 composed
of an array of thin resistive patches printed over a grounded
dielectric slab perforated with metallic vias.
Although this structure is similar to the one studied in [17],
we employ this example to show that the mushroom structure
(with resistive patches), when designed properly, enhances the
absorption bandwidth for increasing angles of the obliquely in-
cident TM-polarized plane wave. To show this effect, we con-
sider the following parameters in the design of the absorber:
, , , ,
, and . The rationale behind the choice
of this particular value of will be discussed later in this
section. Fig. 8 shows the reflection coefficient for the incident
angles of 30 , 45 , and 60 . The results obtained using the
analytical model described in Section II (for the limiting case
of single-sided wire-to-patch junction), and in [17], agree well
with the full-wave HFSS results. In order to demonstrate the
advantage of the mushroom-type absorber, in Fig. 9 we present
the behavior of the reflection coefficient for a similar structure
without vias, with the parameters listed above. In the absence
of vias, the absorber can be easily modeled using a simple cir-
cuit theory model given in [52]–[54]. Again, the results obtained
using the circuit model are in good agreement with the HFSS
results. It is observed that for large angles of incidence, the ab-
sorption bandwidth is increased in Fig. 8 as compared to the
case of the same structure without the vias (Fig. 9). In Fig. 8 it
is noticed that the lower frequency bound of the absorption band
(around 6 GHz) is stable, which is in complete contrast to the
behavior of the structure without vias (Fig. 9). This frequency
Authorized licensed use limited to: Universidad de Sevilla. Downloaded on June 01,2020 at 15:57:51 UTC from IEEE Xplore.  Restrictions apply. 
PADOORU et al.: NEW ABSORBING BOUNDARY CONDITIONS AND ANALYTICAL MODEL FOR MULTILAYERED MUSHROOM-TYPE METAMATERIALS 5735
Fig. 10. (a) Phase and (b) magnitude of the reflection coefficient of the single-
layer mushroom structure for different values of sheet resistivity (in ),
.
stability can be attributed to the increased interaction of the in-
cident wave with the vias. Furthermore, it is shown in Fig. 8 that
the enlargement of the absorption band allows to maintain good
absorption at the center frequency of the band for different an-
gles of incidence, providing better performance with respect to
the structure without vias.
To understand the physical reasons of the wideband absorp-
tion in the mushroom structure, in Fig. 10, we show the re-
flection properties (phase and magnitude) for a TM-polarized
plane wave incident at 45 , for different resistive values (for
ranging from 0 to ; i.e., from the PEC patch to the trans-
parent patch) of the thin resistive patch arrays using the ana-
lytical model. Starting with the PEC patch case (i.e.,
or ), the reflection phase behavior shows two reso-
nances [shown in red circles in Fig. 10(a)] corresponding to the
0 or 360 phase (acting as a HIS), consistent with the result of
the HIS discussed in [14], [15]. These resonances are such that
one lies above the plasma frequency
and the other lies below . However, this is not the case
for the structure without vias, where there is only one HIS res-
onance. The additional resonance of the mushroom structure,
along with the proper choice of resistivity of the patch arrays
and the fact that obliquely incident TM-polarized plane waves
interact strongly with the vias, will be used to design wideband
absorbers with enhanced absorption. With the increase in the re-
sistive sheet values, one can notice in Fig. 10(a) the deviation of
the reflection phase behavior from the actual HIS performance.
The reason for this behavior is quite simple: a change in the
sheet resistivity values affects the grid impedance [see (19)] of
the patch array, which further changes the surface impedance of
the mushroom structure. This deviation of the reflection phase
behavior (resonances) is referred to as perturbed HIS behavior.
Also, increasing the resistivity of the patch arrays increases the
losses in the structure. As a result, a fraction of the total energy
of the incident wave will be absorbed, depending on the values
of the sheet resistivity [shown in Fig. 10(b)]. For example, a
value of sheet resistivity of , whose reflection mag-
nitude behavior shows two reflection minima [dashed red curve
in Fig. 10(b)], corresponds closely to the two perturbed HIS res-
onances [Fig. 10(a)].
By slowly increasing the sheet resistivity, there is a shift in the
absorption levels of the two reflection minima (i.e., one of the
reflection minima deepens, and the other minima either subdues
or remains the same). This is due to match/mismatch of the sur-
face impedance of the structure to the free-space impedance at
those frequencies. In particular, for the sheet resistivity values of
70.6 and 241.8 , we have perfect absorption for one of the
reflection minima (at frequencies 5.612 GHz and 13.25 GHz,
respectively). Under this condition the zero reflection phases
shown in Fig. 10(a) correspond exactly to these frequencies.
This proves the fact that the reflection minima shown in Fig. 8,
for the case of are nothing but the perturbed
HIS resonances of the actual HIS structure with PEC patches.
Hence, by utilizing the two resonances of the mushroom struc-
ture, along with the proper choice of resistivity of patch ar-
rays, the absorption bandwidth is enlarged. This is not noticed
in the structure without vias, where a single resonance of the
HIS exists, and hence, the absoption band is narrow. With fur-
ther increase in the resistivity of the patch arrays (as
the patch array is fully transparent), we reach the
case of the wire-medium slab (bed-of-nails) [15], which shows
two resonances corresponding to zero phase (acting as a HIS).
Therefore, it is obvious that for any value of between 0 and
, one should observe the perturbed HIS behavior of either the
mushroom structure with PEC patches, , or the structure
with transparent patches, .
To validate that the resonances observed in the mushroom
HIS absorber considered in this section are the perturbed HIS
resonances of the mushroom HIS structure with PEC patches,
we studied the current distribution for various resistivities, with
varying from 0 to . Fig. 11 shows the normalized wire
current in the single-layer mushroom structure at .
For small values of (i.e., from 0 to 120.4 ) it is observed
that the wire current is uniform, indicating that spatial disper-
sion effects are almost negligible. This is consistent with the
study reported in [17], where it was shown that for large values
of , the current distribution is uniform (which shows that
spatial dispersion is reduced; however, an ABC [17, eq. (6)],
is necessary in the analytical model). Since, the values of
are small ( to 120.4 ), current distribution is uniform
(similar to the case of mushroom structure with PEC patches
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Fig. 11. Normalized wire current in the single-layer mushroom structure for
different values of sheet resistivity (in ) at , .
[14], [15]), and the phase behavior of the perturbed structure is
close to that of the mushroom structure with PEC patches [blue
curve in Fig. 10(a)], the resonances of the perturbed structure
(absorber) observed in Fig. 10(a) [with corresponding magni-
tudes in Fig. 10(b)] are indeed the perturbed HIS resonances of
the mushroom structure with PEC patches.
In [39], an absorber composed of PEC patches on a lossy
grounded dielectric slab perforated with metallic vias was
studied to enhance the absorption bandwidth for the obliquely
incident plane wave. We investigated this structure using the
methodology described above (i.e., the reflection properties,
phase and magnitude, are analyzed with increasing losses in
the dielectric slab) and in fact it is observed that the wideband
absorption is due to the perturbed HIS resonances rather than
to the utilization of the plasma resonance, as suggested by the
authors in [39].
Since the patch arrays are the only lossy components in the
absorber shown in Fig. 7, their sheet resistivity value consti-
tutes an important factor in the performance of the absorber.
Hence, selecting a proper value of is the key in the design of
wideband absorbers. One way of obtaining an optimum value
of for a wideband absorber is to use numerical optimization
techniques, which is beyond the scope of this work. Given that
the analytical model provides results almost instantaneously, it
provides a reliable, fast, and efficient solution in selecting an
optimum sheet resistance of the patch arrays. The idea is to ob-
tain a certain range for (in the range between the PEC case
and wire-medium slab case) for each of the angles of incidence,
where perfect reflection nulls are noticed for one of the two per-
turbed HIS resonances of the structure.
Fig. 12 shows the reflection coefficient for a TM-polarized
plane wave incident at 30 . Starting from the case of PEC patch
array (i.e., ), the sheet resistivities are increased gradu-
ally up to . Since, the reflection magnitudes for
and are 1 (i.e., 0 dB), their behavior is not shown here. It is
observed that the absorption behavior takes different forms de-
pending on the value of . By varying the value of one can
notice the change in the absorption level of one of the reflec-
tion nulls associated with the perturbed HIS resonances (sim-
Fig. 12. Reflection magnitude of the single-layer mushroom structure for dif-
ferent values of sheet resistivity (in ), .
ilar to the case of 45 , discussed above). Based on this observa-
tion, we fix the range for where perfect reflection nulls can
be obtained. From Fig. 12 it is clear that for sheet resistivities
corresponding to and 294.6 , we have perfect
reflection nulls at frequencies 5.845 GHz and 12.77 GHz, re-
spectively. Hence, the range of for the plane wave incident
at 30 is given to be (60.8 to 294.6) . A similar procedure is
repeated for 45 and 60 , and the ranges for are found to
be (70.56–241.8) and (94.03–146.38) , respectively. Then,
based on these values of , a unique range that fits for all angles
of incidence (up to 60 ) can be found: (94.03–146.38) for the
case under study. A further optimization procedure limited to
the above range gives us an optimum value of ,
which is the one used in the absorber design in Fig. 7.
C. Two-Layer Mushroom Structure With Thin Resistive
Patches
The absorber described in Section III-B is a single-layer
structure with only a few degrees of freedom available to
be used for the design of an absorber over a wider range of
frequencies. To improve the performance of the single-layer
structure by increasing the degrees of freedom, a two-layer
structure with the geometry shown in Fig. 13 is considered.
The absorber consists of two resistive patch arrays separated
by dielectric slabs perforated with metallic vias, with a ground
plane at the bottom. For simplicity, in this work, we consider
the case of wires with the same radii. The parameters of the
dielectric slabs used in the design together with the dimensions
and sheet resistivity values of the square patches are given in
the caption of Fig. 13.
The reflection coefficient of the absorber for oblique angles of
incidence obtained by the analytical model is shown in Fig. 14,
and compared with the HFSS results. The comparisons illustrate
the effectiveness of our model, where a good agreement is ob-
served in the entire frequency band for all angles of incidence.
In particular, it verifies the possibility of the accurate modeling
of the doubled-sided wire media with thin resistive patches at
the junctions, using the proposed ABCs. This would not be pos-
sible using the local model [14] (which is based on the fact that
the charge build up diminishes at the wire-to-patch junctions,
such that the wire-medium slab can be homogenized as a uni-
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Fig. 13. Two-layer mushroom-type HIS absorber with thin resistive patches.
Structural parameter used in this work: , ,
, , , ,
, .
axial continuous ENG material), and hence, ABCs are essential
to obtain the correct results (see [17, Fig. 5]). In general, the an-
alytical model considered in this work is valid provided the ra-
dius of the vias is much smaller than the period and the spacing
between the wires is much smaller than the wavelength in the
host medium, or , where is the
wave vector, is the wavelength, and ,
with being the largest permittivity of the dielectric mate-
rials used in the two-layer mushroom structure. However, it is
noticed from Fig. 14 that at the highest operational frequency
32 GHz, , and surprisingly the model still captures
the physics even beyond the homogenization limit. Hence, the
condition is not necessarily required to be strictly en-
forced, however, it is required that is sufficiently smaller than
, provided the gap between the patches is small, .
Fig. 15 shows the results of the two-layer structure without vias.
Clear differences can be seen when the results of Figs. 14 and 15
are compared. In Fig. 14 we see a significant enlargement of the
absorption band for oblique angles of incidence, as compared
to the case of no vias (Fig. 15). Also, Fig. 14 shows that the
two-layer mushroom structure, while maintaining wide band-
widths, allows for the enhancement of the absorption for in-
creasing angles of incidence. However, for the structure with
no vias, the bandwidth decreases when the absorption increases.
For example, for , it can be noticed that the 20 dB ab-
sorption bandwidth of the structure with vias covering the fre-
quency band from 9.03 GHz to 25.29 GHz has a 55.5% band-
width increase in comparison to the structure without vias with
the frequency band from 12.67GHz to 18.86GHz. Furthermore,
it can be observed that the relative bandwidth of absorption of
the two-layer structure studied in Figs. 14 and 15 increases with
respect to the single-layer structure analyzed in Figs. 8 and 9. It
should be noted that, although the proposed two-layer absorber
shows improvement both in bandwidth and absorption for the
obliquely incident TM-polarized plane waves, there can be a
number of different optimized solutions with similar wideband
results as those shown in Fig. 14. Designing an absorber with
optimum performance is always a challenging task because of
having a large number of degrees of freedom. Hence, by proper
selection of dimensions and resistivities of the patch arrays, and
thicknesses and permittivities of the dielectric slabs, one can ob-
tain a better solution (i.e., wider bandwidth and increased ab-
sorption) than the one shown in Fig. 14. The design procedure
described in Section III-B for the single-layer absorber can be
Fig. 14. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the two-layer
mushroom HIS absorber excited by a TM-polarized plane wave at oblique an-
gles of incidence .
Fig. 15. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the two-layer
HIS absorber (without vias) excited by a TM-polarized plane wave at oblique
angles of incidence .
used to obtain the values of in the design of the two-layer
structure. Although this idea may seem trivial and simple to im-
plement, the selection of the proper values of in the design of
a wideband absorber is a tedious process (because of increased
degrees of freedom) and, hence, the explanation of the design
procedure is omitted here for the sake of brevity. One can use
the numerical techniques [40], [41], to obtain better optimized
values of , however, this is not the subject of the present
paper.
In many applications it is desirable to have wideband absorp-
tion properties for both TM and TE polarizations. For TE illu-
mination, althoughwideband absorption behavior is noticed, the
stability of the absorption level decreases for increasing angles
of incidences. This is due to the fact that, for TE illumination
the electric field is orthogonal to the thin vertical metallic vias,
and therefore the interaction will be negligible. Since the work
carried out in this paper deals with the interaction of incident
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Fig. 16. (a) Phase and (b) magnitude of the reflection coefficient of the two-
layer mushroom structure for different values of sheet resistivity (in ),
.
field with the vertical vias, i.e., for obliquely incident TM-polar-
ized plane wave, the results for TE polarization are henceforth
omitted.
For the single-layer structure, it was observed that the addi-
tional resonance of the mushroom structure is used to obtain
wide bandwidths with enhanced absorption, and that the reso-
nances resulting in wideband behavior are the perturbed HIS
resonances of the mushroom structure with PEC patches. How-
ever, for the two-layer structure, the behavior of resonances and
wide bandwidths are not due to the perturbation of the struc-
ture with PEC patches , but due to the perturbation
of the resonances of the wire-medium slab . To ex-
plain this we study in Fig. 16 the reflection properties (phase and
magnitude) of the structure for different resistivities of the patch
arrays for a TM-polarized plane wave incident at 45 . Starting
with the wire-medium slab case (i.e., ), the reflection
phase behavior shows four resonances (shown in red circles in
Fig. 16(a) corresponding to the zero phase). The variation of
resistivities of the patch arrays can be done in many ways, for
example by decreasing in both layers at the same time or de-
creasing in one layer with the other layer fixed. We employ
the latter strategy, because the aim is to explain the wideband
behavior of the absorber with and .
By gradually decreasing the resistivity of the patch array in the
bottom layer (with the resistivity of the top patch array being
fixed), it is noticed that the phase behavior starts to deviate from
the wire-medium slab case [shown in Fig. 16(a)]. It is also ob-
served from the magnitude behavior shown in Fig. 16(b) that the
absorption levels of the reflection minima shift with decreasing
values of , and for some cases there are perfect reflection
nulls (similar to the behavior observed in a single-layer mush-
room structure) corresponding to the zero phases of the per-
turbed HIS resonances of the wire-medium slab. This proves
the fact that the reflection minima shown in Fig. 14, for the
case of and are associated with
the perturbed HIS resonances of the actual wire-medium slab.
Bandwidth enhancement with respect to the single-layer mush-
room structure is also observed for small angles of incidence
(results not shown here). In this case, the influence of the vias
is almost negligible since the electric field is almost orthogonal
to the vias. The bandwidth enhancement is then explained in
terms of the mutual interactions between patches printed in the
adjacent layers. For higher angles of incidence, the role of vias
is dominant and they are responsible for the widening of the
useful frequency band. Hence, by using the resonances of the
mushroom structure, alongwith the proper choice of dimensions
and resistivities of the patch arrays, and with good selection of
the permittivities of the dielectric slabs (perforated with metallic
vias) the absorption bandwidth can be enlarged, as compared to
the case with no vias.
The behavior of the current along the vias has also been
studied for various resistivities of the patch arrays. Fig. 17
shows the normalized wire current in the two-layer mushroom
structure at . The aim is to verify that the reso-
nances resulting in the wideband behavior shown in Fig. 16 are
actually due to the perturbation of the HIS resonances of the
wire-medium slab. For the values of used in Fig. 16(b), it
can be observed from Fig. 17 that the current along the metallic
vias varies significantly, indicating that the spatial dispersion
effects are not suppressed. The reason is that when the is
large (conductivity is small), the thin resistive patch resem-
bles a dielectric rather than a metal, and charges accumulate
at the tip of the double-sided wire-to-patch junction, which
necessitates the ABCs derived in Section II. This behavior
is consistent with the study reported in [17] for small values
of , however, it should be noted that the structure in that
paper has a single-sided wire-to-patch junction. Hence, from
the behavior of the current (nonuniformity) and the phase
behavior (perturbed), the resonances of the absorber are indeed
the perturbed HIS resonances of the wire-medium slab.
D. Three-Layer Mushroom Structure With Thin Resistive
Patches
The purpose of this section is to show that the analytical
model derived in Section II can be applied to model a large
number of mushroom structure layers (with double-sided
wire-to-thin-resistive-patch junctions). The structure consists
of three resistive patch arrays separated by dielectric slabs
perforated with metallic vias, with a ground plane at the bottom
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Fig. 17. Normalized wire current in the two-layer mushroom structure for dif-
ferent values of sheet resistivity (in ) at , . Here
is the total thickness of the two-layer structure given by .
Fig. 18. Three-layer mushroom-type HIS absorber with thin resistive patches.
Structural parameter used in this work: , ,
, , , ,
, , , ,
.
(with the geometry shown in Fig. 18). The parameters of the
dielectric slabs together with the dimensions and sheet resistiv-
ities of the square patches are given in the caption of Fig. 18.
In Fig. 19, the magnitude of the reflection coefficient is plotted
for different incidence angles. The results obtained using the
analytical model described in Section II agree very well with
the HFSS results. It is also observed that, as the incidence angle
increases, the interaction with the vias grows and absorption is
increased, as expected. Finally, Fig. 20 shows the magnitude
of the reflection coefficient of the absorber without vias, with
the parameters in the caption of Fig. 18. By comparing Figs. 19
and 20, one can clearly see significant improvements in the
absorption bandwidth for increasing angles of incidence. For
example, for , the 20 dB absorption bandwidth of the
structure with vias covering the frequency band from 9.93 GHz
to 24.93 GHz shows a 38% increase in the bandwidth when
comparing to the structure with no vias, having the bandwidth
from 9.01 GHz to 14.6 GHz. Also, it should be noted that the
HFSS results shown in Fig. 19 for and 60 have been
obtained up to 30 GHz only (due to lack of convergence at
higher frequencies). Further, it should be noted that, due to
Fig. 19. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the three-layer
mushroom HIS absorber excited by a TM-polarized plane wave at oblique an-
gles of incidence .
Fig. 20. Comparison of analytical (solid lines) and full-wave HFSS results
(crosses, circles, and plus signs) of the reflection coefficient for the three-layer
HIS absorber (without vias) excited by a TM-polarized plane wave at oblique
angles of incidence .
high resistivity of the top patch arrays in the two-layer and
three-layer mushroom structures (i.e., with in
the two-layer, and in the three-layer), one can
replace them with solid resistive sheets with same resistive
values, without causing much deviations in the absorption be-
havior. This is because the resistivity in these cases dominates
the capacitive impedance of the patch array, and hence the gaps
in these patches can be neglected.
IV. CONCLUSIONS
A simple analytical model has been presented to analyze the
reflection properties of multilayered mushroom HIS structures
with thin resistive patches. Additional boundary conditions for
the double-sided junctions of wire media with thin resistive
patches at the interface have been obtained. The limitations
and applicability of the new boundary conditions have been
studied, particularly for the two-layer mushroom structure, and
the analytical model results have been verified using full-wave
simulations. It is observed that the model gives accurate results
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when for small and moderate values of the patch resis-
tivity, however, for large values of , the value of should be
large. Further, a design procedure for selecting resistivities of
the patch arrays has been presented. By using the resonances
of the mushroom and wire-medium HIS structures, we have
shown that the absorption band can be enlarged with enhanced
absorption for obliquely incident TM-polarized plane waves,
when compared to the structure without vias. Also, it is ob-
served that for the single-layer mushroom absorber (with small
resistivities of the patch arrays) the resonances resulting in the
wideband behavior are indeed the perturbed HIS resonances of
the mushroom structure with PEC patches. However, for the
two-layer structure it is observed that the resonances resulting
in the wideband behavior are the perturbed resonances of the
wire-medium slab.
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